ABSTRACT When the on-time is constant during a line cycle, the input power factor (PF) of critical conduction mode buck-buck/boost power factor correction converter is low. A variable on-time control (VOTC) scheme is put forward in this paper to realize high PF. By utilizing the input and output voltage to modulate the on-time of buck and buck/boost switch, we can realize high-input PF with low-total harmonic distortion within the universal input voltage range. The operating principles and the comparative analysis of the converter with conventional constant on-time control (COTC) and VOTC are analyzed. The proposed control scheme achieves high PF and efficiency as compared with the COTC. A 100-W prototype was built up to verify the effectiveness of the proposed control strategy.
I. INTRODUCTION
AC/DC power conversion is an important research area of power electronics technology. Harmonic pollution caused by increased number of electronic appliances has become a serious issue. In order to meet the international harmonic standards, i.e., IEC61000-3-2 limit [1] , power factor correction (PFC) converters have been developed and adopted in power systems, which can achieve low harmonic distortion and high power factor (PF) [2] , [3] . There is a variety of topologies and control schemes to achieve PFC. The buck converter is one of the commonly used such a topology, especially in low power applications due to its advantages of low voltage stress on semiconductor switch, low dc output voltage, small conduction losses and high efficiency. There are three kinds of working modes of the converter, including continuous conduction mode (CCM), discontinuous conduction mode (DCM), and critical conduction mode (CRM).
The buck converter cannot regulate the input current to be a pure sinusoid because of its inherent dead zone resulting in low PF, large inductor current and high losses. Many research attempts have been conducted to improve the performances of the conventional buck PFC converter [4] - [28] .
A high PF buck converter is proposed in [4] , where the PF in DCM is up to the ratio of input voltage to output voltage and the PF in CCM can be improved to be the same as in DCM by input current control. The work in [5] presents the operation, modeling, low-frequency behavior, and application of the buck PFC converter with a suitable LC filter in the input to force the converter into discontinuous-inputvoltage mode. Two combined buck-flyback converters are proposed in [6] , and this solution reduces the input current harmonics, thanks to the increased conduction angle of the input rectifier bridge, as compared with a simple buck rectifier. The study in [7] presents a very significant optimization, design-oriented analysis, and performance evaluation on a clamped-current buck PFC converter. A bridgeless buck PFC converter that substantially improves the efficiency at low line is introduced in [8] . A CRM soft-switched buck PFC converter with constant on-time control (COTC) is presented in [9] , and the design methodology and criteria for zero-voltage switching range, high efficiency and low harmonics are achieved. A tapped-inductor high-brightness light-emitting diode (HB-LED) AC/DC driver operating in CRM for replacing incandescent bulb lamps is presented in [10] . The work in [11] proposes a variable on-time controller for a CRM buck PFC front-end converter in HB-LED applications aiming at reducing the current harmonics and meeting the limitations of a lighting system. In [12] , tranformerless AC/DC converter is proposed which integrates buck PFC converter and buck/boost converter for wide range of input voltage. The study in [13] introduces an interleaved CRM buck PFC converter that maintains high efficiency across entire load and line range. A CRM integrated buck-flyback PFC converter operating in either buck mode or flyback mode is proposed in [14] for the elimination of the dead zone. In [15] , a new bridgeless single-phase AC/DC PFC rectifier based on buck topology operating in discontinuous capacitor voltage mode (DCVM) is proposed. In [16] , LED driving circuit is presented which combines a cascaded input buck PFC converter and an output buck DC/DC converter with a single switch. The research in [17] proposes a new transformerless single-stage single-switch converter which integrates a buck-type PFC cell with a buck-type DC/DC output cell in a special way. A novel double integrated buck offline power supply for solid-state lighting applications is put forward in [18] . The study in [19] introduces digital signal processing (DSP) based interleaved buck PFC with adaptive slope compensation for wide range of input voltage for PF improvement. In [20] , a CCM buck PFC converter is put forward to reduce the effect of dead zone. The work in [21] , presents an AC/DC LED driver that consists of two-parallel inverted buck converters for PF improvement. For the solution to the dead zone problem of buck PFC converter, the study in [22] proposes a family of hybrid PFC converter topologies combining the advantages of step-up PFC and step-down PFC converters, which features low output voltage and continuous input current. The research in [23] proposes an optimum third harmonic injection method during the non-dead zone to improve the PF of DCM buck PFC converter.
All of the above efforts are made for improving the performances of the conventional buck PFC converter. The PF and THD have been improved. However, a unity PF within a wide input voltage range cannot be realized. Because the shape of average input current will never be purely sinusoidal for the wide range of input voltage by using these conventional methods for buck converter.
A buck-buck/boost PFC converter is proposed in [24] for unity PF. It requires two bridge rectifiers (BR), and the EMI filter to be placed in the AC side. Therefore, the losses of the BRs are high due to the fact that input current with the high switching frequency flows through them. The ordinary low frequency BR is not applicable here as well. Also, it requires external drive circuit to drive the buck/boost switch and current transformer to sense the current of buck/boost switch, which will further increase the complexity.
Therefore, buck-buck/boost converter with simple structure operating with variable on-time control (VOTC) scheme is proposed to obtain a unity PF. Only one BR is required and the EMI filter can be placed in the rectified side so that only low frequency current passes the BR. Also, there is no need of external drive circuit to drive the switch and current transformer to sense the current of buck/boost switch due to fact that the buck/boost switch is grounded. The proposed control can not only achieve high PF but also increase the efficiency of the converter as compared to constant on-time control (COTC). Section II analyzes the working principle of the converter with COTC. In Section III, the VOTC is proposed for improving PF up to unity. The performance comparison between the two control schemes is made in Section IV, in terms of PF, output voltage ripple, switching frequency peak and rms current of inductor. The experimental results are presented in Section V. Section VI concludes the paper. Figure 1 shows the schematic diagram of a CRM buck-buck/ boost PFC converter, which consists of a bridge rectifier, an inductor (L), a buck switch Figure 2 , it operates as a buck converter when the input voltage is higher than the boundary voltage and as a buck/boost converter in the vice versa condition. The boundary voltage is set a little higher than the output voltage. The converter operates in CRM and the principle of the power stage steady state will be analyzed in two cases.
II. OPERATING PRINCIPLE OF CRM BUCK-BUCK/ BOOST PFC CONVERTER
During [0, π], the input voltage and the rectified one are
When v in > V boundary , the converter operates as a buck converter, the switch Q b keeps switching and the switch VOLUME 6, 2018 Q b/b is off. There are two kinds of switching patterns in a switching cycle and Figure 3 exhibits the equivalent circuits and Figure 4 shows the current waveforms.
In Fig. 3 (a), Q b is ON and L, C o , R Ld conducts. The rising slope of the inductor current is given by
where
The peak value of inductor current is In Fig. 3 
The inductor is discharged by V o , and falling time is
The substitution of (3) into (4) results in
Also t s = t on + t off (6) Replacing the value of t off in (6) yields in
The duty-cycle from (7) can be obtained as
The average input current in a switching cycle is formulated as
When v in < V boundary , the converter operates as a buck/ boost converter, the switch Q b/b keeps switching and the switch Q b is off. There are two kinds of switching patterns in a switching cycle. The equivalent circuits and the current waveforms are shown in Figure 5 and Figure 6 , respectively.
In Fig. 5(a) , Q b/b is ON and L conducts. The rising slope and the peak value of the inductor current are given as
In 
79084 VOLUME 6, 2018 From (13) and (7), following relation is obtained
The duty-cycle from (14) can be written as
The average input current in a switching cycle is expressed as
The combination of (9) and (16) yields the input current of the converter with COTC as
From (1) and (17), the average input power is
If the efficiency is assumed to be 100%, t on is got as
Combining (1) and (17) (18) (19) , we can get the input PF with COTC as According to (20) , and the parameters of the converter that will be given in Section V, the input PF regarding the input voltage is shown in Figure 7 . It can be observed that the input PF is low, especially at a low input voltage.
III. PROPOSED VOTC SCHEME A. IMPROVEMENT OF INPUT PF
For unity PF and power balance, the input current should be controlled to be
The combination of (17) and (21) 
From (1) and (21), the average input power is expressed as
If the efficiency is assumed to be 100%, k on is got as
B. IMPLEMENTATION CIRCUIT
The control circuit can be implemented as shown in Figure 8 . 
Series resistor R s_2 senses the current of buck/boost switch. V E and the sensed current of buck/boost switch are sent to the comparator. The output of comparator and ZCD drives the buck/boost switch to work with VOTC.
IV. COMPARATIVE ANALYSIS OF COTC AND VOTC

A. INPUT PF
According to (21) , the PF curve with VOTC regarding the input voltage is plotted in Figure 9 where the curve with COTC in Fig. 7 is also included. It is clear that VOTC can realize a unity PF, which is much higher than that with COTC.
B. OUTPUT VOLTAGE RIPPLE
Based on (1), (17) , (19) , and (21), the instantaneous input power of the converter with COTC and VOTC can be expressed in (25) , shown at the bottom of this page.
With the base of P o , the normalized instantaneous input power as (26) , shown at the bottom of this page.
From (26) , Figure 10 can be plotted. While p * in > 1, the output capacitor C o is charged, and vice versa while and p * in_VOTC crosses 1 for COTC and VOTC respectively. The instantaneous power of the output capacitor in a half line cycle can be expressed respectively as
According to (27) , the energy stored in the output capacitor can be determined as
Combining (28), the instantaneous output voltages of the output capacitor are
According to (26) , (29) and specifications of the converter that will be given in Section V, the waveform of the output voltage with COTC and VOTC in a half line cycle at nominal 110VAC and 220VAC are illustrated in Figure 10 .
The normalized maximum energy stored in the capacitor C o with the base of the output energy within a half line VOLUME 6, 2018 cycle for COTC and VOTC scheme are
The normalized maximum energy can also be calculated from the following formula as 
where V o_COTC and V o_VOTC are the output voltage ripples with COTC and VOTC. Based on (31), the expressions of V o_COTC and V o_VOTC are derived as
From (32) and specification of the converter, V o_COTC and V o_VOTC can be figured out as illustrated in Figure 11 , which demonstrates that the output voltage ripple of the converter with VOTC is slightly larger than that of COTC.
C. SWITCHING FREQUENCY
From (7), (14), (19) , (22) , and (24), the switching frequency of the converter with COTC and VOTC can be obtained as From (33), the switching frequency curves of the converter with COTC and VOTC in a half line cycle at 110VAC and 220VAC are plotted in Figure 12 , which shows that the switching frequency with VOTC is slightly lower around the peak of the input voltage and it is higher around the zero crossing, as compared to that with COTC.
D. PEAK CURRENT OF INDUCTOR
From (3), (11), (19) , (22) , and (24), the peak current of the inductor for the converter with COTC and VOTC can be determined as According to (34), Figure 13 is drawn for the converter at 110VAC and 220VAC respectively, which describes that the peak current of the inductor with VOTC is slightly higher around the peak of input voltage and it is lower around the zero crossing, as compared to that with COTC.
E. RMS CURRENT OF THE INDUCTOR
For the on-time and off-time period, the rms current of switch Q b and Q b/b can be got respectively as 
Totally, the rms current through the inductor is Equation (36) is plotted in Figure 14 . It can be seen that the rms current is lower with VOTC than that with COTC, especially at a low input voltage. Therefore, the conduction losses of the power components are reduced.
On the other hand, from Figure 12 and Figure 13 , it is obvious that resultant behavior of switching frequency and peak current in a half line cycle is opposite to each other while VOTC is adopted, compared to that with COTC, and it can be concluded that the turn-off loss of the switches is nearly the same. Hence the overall power losses of the converter will be lower by using proposed control strategy, which is better for the efficiency improvement.
V. EXPERIMENTAL VERIFICATION
For the validity of the proposed scheme, a prototype has been built and tested in the lab. The specifications and the main components are as follows. Input voltage: 90VAC-264VAC; line frequency: 50 Hz; output voltage: 80 V; output power: 100 W; inductance: 118uH; output capacitor C o : 1000 uF; input bridge rectifier: GBU 406; power switches Q b and Q f : TK20A60U; freewheeling diode D fw : MUR1560; control IC: L6561. Figure 15 and Figure 16 show the experimental waveforms of v in , i in , v o_ripple and v o of the converter with COTC and VOTC at 110VAC and 220VAC inputs, respectively. We can find that the input current with VOTC is more sinusoidal as compared with COTC.
The measured input PF and THD are illustrated in Figure 17(a-b) , which demonstrates that the input PF and THD of the converter is greatly improved with VOTC, especially at a low input voltage.
Figure 17(c) shows the measured output voltage ripple. It can be observed that VOTC brings about a slightly high value of ripple. Figure 17 (d) exhibits the measured efficiency. As can be seen, the efficiency of the converter with VOTC is higher than that with COTC, especially at a low input voltage. Figure 18 manifests the IEC61000-3-2 Class C limit and the measured input current harmonics of the converter at 110VAC and 220VAC input, respectively. As seen, the harmonic of the converter with COTC cannot meet the limit value, especially at a low input voltage. In contrast to this, VOTC achieves a better satisfaction of the standard.
VI. CONCLUSION
CRM buck PFC converter is widely used in ac/dc applications. However the inherent dead zone introduces a large harmonic distortion in the input current, resulting in a low PF. Adding a buck/boost converter can eliminate the dead zone and increase the PF. However, the PF is still low, especially at low input voltages. In order to make the shape of the input current as purely sinusoidal and achieve unity PF within the universal input voltage range, VOTC and the implementation circuit are proposed in this paper with simple structure. Besides the PF improvement, the efficiency is also increased. He has 24 years of teaching experience for both the undergraduate and postgraduate students of electrical engineering, with expertise in electrical power engineering. He has supervised/co-supervised around 30 students of postgraduate level. He has authored or co-authored more than 40 publications in international and national (HEC recognized) journals.
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